To satisfy the demand for high-strength steel sheets with excellent strength-ductility-hole expansion ratio balance, high-strength steels consisting of a ferrite or bainitic ferrite matrix strengthened by a large amount of finely dispersed precipitates have been developed.
Introduction
A remarkable amount of high-strength steels have been developed and used in practice to reduce automotive body weight. Improvement in formability is one of the most important research items in the development of modern high-strength steels. Successful developments of advanced high-strength steels with a good strength-ductility balance are DP and TRIP steels. 1, 2) The hole expandability of these steels is, however, poor. On the other hand, bainite or tempered martensite steels show excellent strength-hole expansion ratio balance but their ductility is low. In recent research and development, a large effort has been made to develop steels with a good strength-ductility-hole expansion ratio balance. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] A newly developed steel of this kind consists of a ferrite matrix strengthened by a large amount of finely dispersed precipitates. [5] [6] [7] [8] Funakawa and his coworkers 14) investigated the precipitation behaviour of these kinds of steels containing Ti, Nb and Mo, and reported the occurrence of the interphase precipitation. They also reported the mechanical properties of the steels developed. The influence of the separate or combined addition of Ti, Nb and Mo on the strength-ductility-hole expansion ratio balance was, however, not investigated in detail.
In this study, the influence of the addition of Ti and Nb on the strength-ductility-hole expansion ratio balance of the 600 MPa class steels consisting of a ferrite matrix strengthened by a large amount of precipitates has been investigated.
At first, an experiment was carried out using Ti-and Nbbearing steel. The microstructure and texture, the conditions of the pierced surface, the behaviour of crack initiation and propagation during hole expansion, precipitates and inclusions, etc., were studied in the two steels. By comparing the obtained results of both steels, the main factors influencing the ductility-hole expansion ratio balance were discussed and clarified. The discussion indicated that there exists an optimum ratio of Ti/Nb addition, and to determine this, an additional experiment was carried out using steels with various ratios of Ti and Nb additions.
Finally, we propose an adequate combination of Ti and Nb addition to produce steel with a good ductility-hole expansion ratio balance. Table 1 shows the chemical composition of the steels used in the experiment. The chemical composition was designed to obtain a tensile strength of around 600 MPa and a microstructure consisting of a ferrite matrix strengthened by finely dispersed precipitates. Ti and Nb steels contain Ti and Nb as much as they almost fulfil the stoichiometry with C, respectively, to avoid the formation of pearlite and grain boundary cementite that lower the hole expandability.
Experimental Conditions
The steels were melted in a vacuum furnace and then cast into 50 kg ingots. Figure 1 shows the thermal history of the hot-rolling process. Ingots of 110 mm thickness were reheated at 1 250°C for 60 min for the solution treatment and subsequently hot-rolled at a finishing temperature around 930°C according to a thickness change of 110→80→60→45→30→15→8→4.5→2.8 mm. The coiling process was simulated using an electrical furnace kept at a temperature of 600°C, in which the hot-rolled sheets were held directly after hot-rolling for 60 min without a temperature drop below the furnace temperature and then cooled in air. The microstructure was characterized using optical microscopy (OM), field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). The grain size of ferrite and the size of dimples observed on the pierced surface were analysed with an image analysis device (IAD). The texture of the steels was measured and analysed using electron backscatter diffraction pattern (EBSP). The calculation of the r-value from EBSP data was carried out using self-developed software. The chemical composition of precipitates was determined using energy dispersive X-ray (EDX) spectroscopy mounted on TEM.
The hardness was measured on a micro-Vickers tester with a load of 2.94 N. Each plotted point was an average value of five measurements. Tensile tests and hole expansion tests were carried out to determine the mechanical properties of the steels. The tensile test was performed only in the rolling direction. A Charpy impact test was also carried out in both the rolling and the transverse directions. The test piece of the Charpy impact test consisted of two hot bands glued to each other.
The hole expansion test was performed according to the Japan Federation of Iron and Steel Standard (JFS T1001). The hole was pierced by a 10-mm-diameter punch. The clearance was 12%. For the hole expansion test, an Erichsen testing machine was used. The burred surface was set upside. The hole expansion was performed by moving a vertical conic punch of 60° angle upwards. Figure 2 shows schematic diagrams of the devices used for piercing and hole expansion.
The hole expansion ratio was calculated by Eq. (1). Here, d0 is the initial diameter of the hole and d is the diameter of the hole expanded so far as a through-thickness crack is just observed. To investigate the propagation behaviour of cracks during hole expanding, specimens with hole expansion ratios of 20%, 40% and 70% were produced. Figure 3 shows the mechanical properties of Ti and Nb steels. TS×El×λ is a quantity used for evaluating the strength-ductility-hole expansion ratio balance (A high value of this quantity means a good strength-ductility-hole expansion ratio balance.). It is clearly seen that the strengthductility-hole expansion ratio balance of Ti steel is superior to that of Nb steel. Table 2 shows the impact energy determined by the Charpy impact test at a temperature of 22°C. The difference in impact energy between specimens L, whose notch was perpendicular to the rolling direction, and specimens C, whose notch was parallel to the rolling direction, was larger in Nb steel than in Ti steel. Specimen C of Nb steel had the lowest value of impact energy.
Experimental Results
To clarify the reason for the superiority of the ductilityhole expansion ratio balance in Ti steel, we investigated the microstructure, the condition of the pierced surface, the evo- Table 1 . Chemical composition of the steels used in the experiment (wt%). Figure 4 shows the pierced surface after the hole expanding test. As for Ti steel, many cracks were observed over the entire circumference. On the other hand, the number of cracks in Nb steel was limited, and the penetration crack always propagated parallel to the rolling direction. Figure 5 shows the evolution of the surface morphology during hole expanding. As for Ti steel, many fine cracks were observed in the outer fractured surface of the hole expanded to λ = 20%. These cracks reached the boundary between the sheared and fractured surfaces at λ = 40%. As the expansion ratio increased to 70%, the number of cracks increased, but none of them propagated inside the sheared zone.
Steel
At λ = 20%, the number of micro-cracks in Nb steel was smaller than in Ti steel, but some of them reached the boundary between the sheared and fractured surfaces. At λ = 70%, some cracks penetrating the sheared surface were observed in Nb steel. It was also observed that the thickness of the pierced surface of Ti steel was markedly reduced by hole expanding, and the change in the thickness of Nb steel was not apparent. Thickness reduction in Ti steel was realized by large numbers of cracks distributed over the entire circumference.
It is well known that the state of the pierced surface markedly affects the hole expansion ratio. The state of the pierced surface is characterized by the ratio of the sheared to fractured surface areas, the numbers and size of micro-cracks and dimples in the fractured surface and work hardening in the vicinity of the pierced surface. Figure 6 shows the pierced surface of Ti and Nb steels. The ratio of the sheared to fractured areas was 56:39 for Ti steel and 46:49 for Nb steel. The increase in the ratio of the fractured areas seems to lower hole expandability.
If the vicinity of the pierced surface is significantly hardened by piercing, the hole expansion ratio may be lowered, and therefore the hardness in the vicinity of the pierced surface was measured. Figure 7 shows the hardness distribution up to 2 mm from the surface at three different positions, namely the centre of the sheared area, the centre of the fractured area and the boundary between the sheared and fractured areas. The increase in hardness in the sheared area was lower than in the fractured and boundary areas. The work hardening in Nb steel was slightly less than that in Ti steel. Because a higher hardness in the vicinity of a pierced surface was supposed to result in a lower hole expansion ratio, the work hardening behaviour cannot explain the inferior ductility-hole expansion ratio balance in Nb steel. Figure 8 shows the SEM pictures of fractured surfaces of both steels. To quantify the surface condition, the numbers Ti steel specimen L 171
Ti steel specimen C 161
Nb steel specimen L 209
Nb steel specimen C 138 ISIJ Figure 9 shows a cross section of the vicinity of the pierced surface. A number of micro-voids were observed. The number, average size and its standard deviation of micro-voids observed in the cross section area in the vicinity of the fractured surface of a representative area of 100 μm × 30 μm of Ti steel were 87, 1.4 μm and 1.6 μm, respectively, whereas those of Nb steel were 45, 2.9 μm and 3.3 μm, respectively. The fact that Ti steel has more micro-voids than Nb steel may relate to the fact that, as shown in Fig. 4 , in the initial stage of hole expanding more cracks were observed in Ti steel than in Nb steel. The fact that the microvoids in Nb steel were larger than in Ti steel may also relate to the fact that the propagation rate of through-thickness cracks in Nb steel was higher than in Ti steel.
To examine whether the lower hole expansion ratio of Nb steel could be mainly attributed to the state of the pierced surface, an additional hole expanding test was carried out using the specimens with a hole machined by electric discharged wire cutting. Although the hole expansion ratio of the machined holes of Nb and Ti steels increased markedly to 187% and 205%, respectively, a clear difference still remained between the two steels.
To clarify this difference, the microstructures of the two steels were examined (Fig. 10) . The microstructure of the Nb steel was finer than that of the Ti steel. The average ferrite grain size of Nb and Ti steels was 2.27 and 3.37 μm, respectively. It was also observed that the microstructure of Nb steel was more heterogeneous than that of Ti steel. This heterogeneity was probably caused by partial recrystallization of austenite because of the strong retardation effect of Nb on recrystallization. It is well known that heterogeneity of microstructure is detrimental to the hole expansion ratio.
To examine the microstructural heterogeneity in detail, a micro-scale textural analysis was carried out. Figure 11 shows the crystal orientations measured in Ti and Nb steels by EBSP. The ellipses in Nb steel indicate the presence of The hole expansion ratio is also affected by the planar anisotropy of the texture. 15 ) Figure 12 shows the planar anisotropy of r-values calculated using the orientation distribution function (ODF) data obtained by EBSP measurements at mid-thickness. It is recognized that Ti steel had a larger planar anisotropy of r-values and a higher average rvalue than Nb steel. Phillips et al. reported that the hole expansion ratio was chiefly affected by the minimum r-value.
15) The minimum r-values of both steels are nearly the same, and therefore the inferior hole expansion ratio of Nb steel to Ti steel cannot be explained from the viewpoint of the textural anisotropy.
At the bottom of the dimples in fractured surfaces large precipitates were often observed. Figure 13 shows some results of the chemical composition of the precipitates in Ti and Nb steels analysed by EDX. The precipitates analysed were Ti4C2S2 and TiN in Ti steel and MnS and NbCN in Nb steel. Besides these large precipitates, there were numerous nano-size precipitates that contributed to the precipitation hardening. Table 3 shows a comparison of the experimental results of Ti and Nb steels. The reason for the difference in the hole expansion ratio between the two steels is discussed by considering these results and the microstructural analyses.
Discussion
As seen in Fig. 6 , the fraction of the fractured area of the pierced surface of Nb steel was markedly higher than that of Ti steel. It is understandable that the high fraction of the fractured area of the pierced surface in Nb steel has lowered hole expandability. The reason why Nb steel has a high fraction of the fractured surface should be discussed. A high ratio of the fractured areas indicates that Nb steel was more apt to fracture than Ti steel. It is well known that the grain refinement is effective for suppressing fracture. The measured mean ferrite grain size of Nb steel was smaller than that of Ti steel. This experimental finding led us to expect that Nb steel would have high resistance to fracture, but this was not the case. This contradiction can be interpreted as follows. The resistance to fracture is enhanced by the existence of high angle boundaries, which hinder crack propagation. The formation of the textural colony in Nb steel meant a reduction in the effective grain boundary suppression of crack propagation. As a result, the effective grain size of Nb steel increased, as indicated by the fact that the size of dimples and micro-voids of Nb steel was large. As seen in Figs. 4 and 5, there were more cracks in Ti steel than in Nb steel, and there were also more micro-voids formed by piercing in Ti steel than in Nb steel. The higher sensibility to crack initiation in Ti steel may be caused by the existence of rectangular-shaped large TiN. The initiation of many cracks in the pierced surface during hole expanding contributes to stress release at the tip of the crack, and this release is supposed to suppress propagation of throughthickness cracks in Ti steel.
In Ti steel, cracks were observed over the entire circumference of the pierced surface during hole expanding. In contrast, the cracks in Nb steel were usually formed along the rolling direction, as seen in Fig. 2 . It is not obvious that the hole expansion ratio has a close relationship with toughness. However, Takahashi et al. 16 ) indicated a certain relationship between the hole expansion ratio and toughness by revealing a tight correlation of the hole expansion ratio with the Jc value. Therefore, the reason that the through-thickness cracks of Nb steel are restrictedly formed in the direction parallel to the rolling direction is discussed with the result of the Charpy impact test. As seen in Table 2 , Nb steel has a large planar anisotropy of impact energy, and the impact energy in the direction parallel to the rolling direction is significantly low. The low impact energy parallel to the rolling direction is inferred to be caused by the existence of elongated large textural colonies and flatly deformed MnS.
It is well known that the presence of MnS deformed by rolling lowers hole expandability. To examine the quantitative influence of MnS on the hole expansion ratio, a steel was produced by adding 0.0074% Ca to Nb steel. By addition of Ca, the sulphide formed in Nb steel became CaS instead of MnS. CaS is hard, and is not flatly deformed by hot-rolling. The formation of the so-called 'shape-controlled sulphide' was expected to improve the hole expansion ratio. Through this measure, the hole expansion ratio improved from 96% to 113% for the pierced specimens and from 187% to 202% for the machined specimens, respectively. There is still a clear difference in the strength-ductility-hole expansion ratio balance between Nb and Ti steels. This result indicates that a large amount of the Nb addition itself detrimentally affects hole expandability. Because the quantity and size of NbC in Nb steel and TiC in Ti steel hardly differ from each other, the detrimental effect of Nb is inferred to be mainly caused by the formation of the heterogeneous microstructure with elongated large textural colonies.
From these considerations, the suppression of the formation of large textural colonies and MnS seems to be important to achieve a good strength-ductility-hole expansion ratio balance in steel consisting of a ferrite matrix strengthened by finely dispersed precipitates. Since we supposed that a moderate addition of Nb would result in grain refinement without forming textural colonies, and could improve hole expandability, we carried out an additional experiment using a steel based on Ti steel with moderate addition of Nb (hereafter called Ti-Nb steel). A small amount of Ti in Ti steel was substituted by Nb. Table 4 shows the chemical composition of Ti-Nb steel. Table 5 shows the mechanical properties of Ti-Nb steel compared with those of Ti steel and Nb steel. The strength-ductility-hole expansion ratio balance of the Ti-Nb steel was the best among the steels investigated. The sulphide in Ti-Nb steel was only Ti4C2S2. Figure 14 shows the microstructure of the Ti-Nb steel. The large and elongated textural colonies observed in Nb steel were hardly recognized in the Ti-Nb steel, and the mean ferrite grain size was 2.87 μm which is smaller than that of Ti steel. This result supported the conclusion that the inferior strength-ductility-hole expansion ratio balance in Nb steel was caused by the formation of large and elongated textural colonies and deformable sulphide, and that the strengthductility-hole expansion ratio balance of Ti steel can be improved by proper addition of Nb, which refines the ferrite microstructure without formation of textural colonies.
Conclusion
In this study, the influence of Ti and Nb added to the steels with a ferrite matrix strengthened by finely dispersed precipitates on the strength-ductility-hole expansion ratio balance has been investigated and the following results were obtained.
(1) Steel with added Ti shows a better strength-ductilityhole expansion ratio balance than steel with Nb added.
(2) In the pierced and expanded hole surface of Ti steel, many cracks were observed over the entire circumference. In contrast, the number of cracks in Nb steel was limited, but crack propagation was faster than in Ti steel. The formation of many cracks in Ti steel seems to reduce the stress concentration at the tip of the crack, and consequently leads to the slower propagation of the through-thickness crack in Ti steel.
(3) The through-thickness crack in Nb steel always propagated parallel to the rolling direction.
(4) The ratio of the sheared-to-fractured area of the pierced surface of Ti steel was higher than that of Nb steel.
(5) The ferrite grain size of Nb steel was finer than that of Ti steel, but large textural colonies were observed in Nb steel, and the size of dimples observed in the fractured area of the pierced surface was larger than that of Ti steel.
(6) At the bottom of the dimples, relatively large precipitates were observed. They were TiN and Ti4C2S2 in Ti steel and MnS and NbCN in Nb steel, respectively.
(7) The size and amount of fine precipitates contributing to precipitation strengthening were nearly the same in Ti and Nb steels.
From these results, we inferred that the inferior strengthductility-hole expansion ratio balance of Nb steel was mainly caused by the formation of large textural colonies and MnS. To examine this inference, we substituted a small amount of Ti in Ti steel by Nb, aiming to avoid the formation of the textural colonies and MnS and to refine the ferrite microstructure. The proposed Ti-Nb steel revealed the best strength-ductility-hole expansion ratio balance among the steels examined.
